Integration of keratoprosthesis with the surrounding cornea is very important in preventing bacterial invasion, which may cause ocular injury. Here the authors investigated whether hydroxyapatite (HAp) coating can improve keratoprosthesis (KPro) biointegration, using polymethyl methacrylate (PMMA)-the principal component of the Boston KPro-as a model polymer. METHODS. HAp coatings were induced on PMMA discs after treatment with concentrated NaOH and coating with polydopamine (PDA) or polydopamine and then with 11-mercaptoundecanoic acid (11-MUA). Coatings were characterized chemically (Fourier transform infrared spectroscopy [FTIR], energy dispersive X-ray spectroscopy [EDX]) and morphologically (SEM) and were used as substrates for keratocyte growth in vitro. Cylinders of coated PMMA were implanted in porcine corneas ex vivo for 2 weeks, and the force required to pull them out was measured. The inflammatory reaction to coated discs was assessed in the rabbit cornea in vivo. RESULTS. FTIR of the coatings showed absorption bands characteristic of phosphate groups, and EDX showed that the Ca/P ratios were close to those of HAp. By SEM, each method resulted in morphologically distinct HAp films; the 11-MUA group had the most uniform coating. The hydroxyapatite coatings caused comparable enhancement of keratocyte proliferation compared with unmodified PMMA surfaces. HAp coating significantly increased the force and work required to pull PMMA cylinders out of porcine corneas ex vivo. HAp coating of implants reduced the inflammatory response around the PMMA implants in vivo. CONCLUSIONS. These results are encouraging for the potential of HAp-coated surfaces for use in keratoprostheses. (Invest Ophthalmol Vis Sci. 2011;52:7392-7399)
A ccording to the World Health Organization, corneal disease accounted for 8 million cases of blindness in 2009. 1 Corneal allograft surgery is often successful in such cases, but in some patients and conditions the success rate is low. In a large outcome study, only 20% of regrafts remained clear for 5 years 2 ; more recent reports have confirmed this trend. 3, 4 With repeated allograft failure, few treatments are available, and tissue-engineered corneas are not yet suitable for clinical use. Corneal prostheses (keratoprosthesis; KPro) are the only viable option for restoring sight.
There are several KPros on the global market that vary in terms of indications, surgical complexity regarding placement, and outcomes. The primary material used in the optic axis of many devices is polymethylmethacrylate (PMMA) because of its transparency, high mechanical strength, ease of processing, and low cost. Firm bonding of any KPro to the surrounding cornea is clinically critical; it is the main challenge in the development of most keratoprostheses. For example, in the case of the Boston KPro, which is relatively simple to construct and implant and which continues to have improved outcomes and expanded indications thanks to design enhancements and optimized postoperative management, 5, 6 the poor adhesion of PMMA to the surrounding tissue creates opportunities for bacteria to enter the eye, resulting in infection, leakage of aqueous humor, and even extrusion of the implant. 7, 8 Hydroxyapatite (HAp) is a main component of bone and teeth and has been widely used for surface modification of bone implants 9 because it can bind electrostatically with charged biological molecules. 10, 11 HAp induces a relatively limited inflammatory and foreign body response 12 and supports the adhesion and growth of human keratocytes (corneal fibroblasts) better than glass, polytetrafluoroethylene, and polyhydroxymethacrylate in vitro. 13 These properties make it a desirable material for use in a KPro. However, the poor mechanical properties of bulk HAp ceramics make them challenging to work with.
Here we have developed or adapted a variety of related approaches to coating PMMA with HAp and assessed their effectiveness in enhancing integration with the cornea. HAp coating can be achieved through biomineralization using simulated body fluid (SBF). 14 -16 Deposition on PMMA can be enhanced by treatment with highly concentrated sodium hydroxide (NaOH), which produces negatively charged carboxyl groups on the surface. 17 Coating with polydopamine, which can form on a wide range of surfaces, 18 can also induce HAp deposition on various substrates in SBF. 19 We have hypothesized that further coating the polydopamine-modified PMMA discs with 11-mercaptoundecanoic acid (11-MUA) would enhance apatite deposition. The carboxyl groups of 11-MUA can act as nucleation sites for Ca/P deposition. 20 We have characterized these HAp-coated PMMAs in vitro, alone and in the presence of corneal fibroblasts. In addition to the cell-based experiments commonly performed in studies of biointegration, we have used a custom-made 3D printed device to determine whether coating with HAp improves the mechanical strength of the tissue interaction ex vivo. Finally, we studied the effect of coating with HAp on biocompatibility in vivo.
MATERIALS AND METHODS

Preparation of SBF
SBF at 1.5ϫ the concentration of regular SBF (1.5ϫ SBF) was prepared as reported 14, 21 and was stored at 4°C.
Coating of the PMMA Implants with HAp
PMMA discs (JG Machine Co. Inc, Woburn, MA) 10 mm in diameter and 1 mm thick were used as substrates for all in vitro experiments. The discs were washed with 70% ethanol solution and with deionized water in an ultrasonic bath then blow-dried in air. Three different methods were used to form HAp films on PMMA discs. In the first group, PMMA discs were immersed in 5M NaOH solution at room temperature for 10 minutes before they were placed into 1.5ϫ SBF solution. In the second group, PMMA discs were immersed in a dilute aqueous solution of dopamine (2 mg/mL dopamine in 10 mM Tris buffer, pH 8.5) overnight before they were placed in 1.5ϫ SBF solution. In the third group, the discs were immersed in dopamine solution overnight, followed by immersion in 11-MUA solution (50 M in sodium phosphate buffer, pH 7.8) for 4 hours before they were placed in the 1.5ϫ SBF solution. All samples were incubated in 1.5ϫ SBF at 37°C for 14 days. 21 The 1.5ϫ SBF solution was replenished every 24 hours. After 14 days, the discs were removed from the 1.5ϫ SBF solution, washed in 100 mL deionized water, and dried.
Fourier Transform Infrared Spectroscopy
Fourier transform infrared spectroscopy (FTIR; Bruker Alpha FTIR spectrophotometer; Bruker Corporation, Billerica, MA) was used to determine the functional groups on HAp coatings. Each sample was scanned over the range of 400 to 4000 cm Ϫ1 with a resolution of 4 cm
Ϫ1
. At least three samples per group were examined by FTIR; results between samples in the same group were essentially identical.
Scanning Electron Microscopy
The surface morphology of the discs was captured by scanning electron microscopy (SEM; JEOL 5600LV; JEOL Inc., Peabody, MA). All samples were coated with a thin film of gold-palladium before imaging.
Energy Dispersive X-Ray Spectroscopy Analysis
The elemental compositions of samples were analyzed with energy dispersive x-ray spectroscopy (FEI/Philips XL30FEG SEM; Philips Electric, Eindhoven, The Netherlands).
Culture of Keratocytes
Human corneal fibroblasts (a generous gift of James Zieske at Schepens Eye Institute, Harvard Medical School) from the fifth generation in the exponential phase of growth were used for cytotoxicity tests. Cells were grown to confluence in minimum essential medium (MEM; Invitrogen, Carlsbad, CA) supplemented with 10% heat-inactivated fetal calf serum (Invitrogen), penicillin, and streptomycin (100 U/mL; Invitrogen) at 37°C in a humidified atmosphere containing 5% CO 2 .
Cell Culture and Assays
PMMA discs, either HAp-coated or noncoated, were placed in wells in a 24-well plate. Subsequently, 1 ϫ 10 4 cells were seeded per well in MEM and allowed 24 hours to attach.
A viability/cytotoxicity assay using calcein-AM and ethidium homodiner-1 (EthD-1; Molecular Probes, Invitrogen) was performed on each of the test materials at 1, 4, and 7 days. Discs were washed with Dulbecco's phosphate-buffered saline (DPBS) and stained for 10 minutes at room temperature with DPBS containing 2 mM calcein-AM and 4 mM ethidium-homodimer-1. Cells were counted manually in five different high-powered fields on each of three discs in each group.
Mechanical Testing of Biointegration of Test Materials
Porcine eyes were obtained from a local abattoir, transported to the laboratory on ice in a moisture chamber, and processed for culture within 24 hours of animal death. The pig cornea was trephined with an 8-mm diameter blade (Acuderm Inc., Fort Lauderdale, FL). A 3-mm hole was punched through the center of the cornea, allowing the graft to be subsequently slid over a 3.35-mm diameter PMMA cylinder. The assembly was then placed individually in a 12-well culture plate filled with 2 mL Chen cornea organ culture medium 22 consisting of penicillinstreptomycin (Modified Medium 199; Invitrogen), 5% dextran, and 25 mM Hepes, D,L-␤-hydroxybutyrate (Sigma-Aldrich Corp., St. Louis, MO). The epithelium of the cornea was barely submerged in the medium. Specimens were incubated at 37°C in 5% carbon dioxide. Medium was changed every 24 hours.
After 14 days, the specimens were removed from cultured media and placed in a custom-designed adapter ( Fig. 1) to fit a universal testing machine (model 5542; Instron, Norwood, MA). In the adapter, the corneas were contained in a cavity between two plastic (acryloni-FIGURE 1. Schematic of the apparatus used for mechanical testing of corneal adhesion strength. ①, space for the cornea; ②, screws to maintain a fixed spacing (500 -1500 m) between the upper and lower parts of the adapter so as not to compress the cornea. trile butadiene styrene; ABSPlus; Dimension Inc., Eden Prairie, MN) parts, while the PMMA cylinders protruded from the top of the adapter. Two screws maintained a fixed spacing (500 -1500 m) between the upper and lower parts of the adapter so the cornea would not be compressed. The adapter was produced by a printer (1200es 3D; Dimension Inc.). The Instron device grasped the adapter at the base and pulled on the cylinder from above at a rate of 5 mm/min and stopped when the PMMA cylinder was pulled out completely. The maximum load during testing was defined as maximum failure load.
The PMMA cylinder was pulled out of the cornea at a constant velocity (10 mm/min), and the force required to maintain the constant pull-out velocity was measured, as described. The work required to pull cylinders out of the curve was calculated from the area under the force-displacement curves for that procedure.
After mechanical testing, the extracted cylinders were placed in 10% formalin, coated with platinum, and processed for scanning electron microscopic examination.
In Vivo Experiments
All animal studies were approved by the Administrative Panel on Laboratory Animal Care of the Massachusetts Eye and Ear Infirmary and were in compliance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Six adult New Zealand rabbits, each weighing 3.5 to 5.5 kg, were used (one disc in one eye per animal).
Anesthesia was induced by intramuscular injections of ketamine 35 mg/kg and xylazine 5 mg/kg. Surgeries were performed on the right eye of each rabbit. Once the rabbits were anesthetized, proparacaine ophthalmic solution was given topically. A lamellar cornea pocket was made with a knife (Crescent; Katena Products Inc., Denville, NJ) to approximately two-thirds the thickness of the cornea to accommodate the discs of test material, whose diameters were 5 mm and whose thicknesses were 0.1 mm. The discs were inserted with forceps into the corneal lamellar pocket. Because of the superior position in the cornea under the eyelid, the flap was not sutured. There were two groups-plain PMMA and PMMA modified with HA (using the polydopamine and 11-MUA method)-and three rabbits in each group. Follow-up clinical examinations included slit-lamp examination to assess inflammatory reaction and neovascularization. After 1 month, the rabbits were euthanatized, and the corneal specimens were processed for histology (hematoxylin-eosin staining) and analyzed by light microscopy.
Statistical Analysis
In general, data are presented as mean Ϯ SD and were analyzed by two-way analysis of variance (ANOVA) with F-tests used to assess treatment and time effects on live and dead cell counts. Differences in mechanical testing were tested for significance by the unpaired t-test. For all statistical tests, two-tailed values of P Ͻ 0.05 were considered statistically significant, and a Bonferroni adjustment was used for multiple group comparisons in comparing live and dead cells between HAp-treated and untreated PMMA discs. Statistical analysis was performed with the SPSS software package (version 18.0; SPSS Inc./IBM, Chicago, IL).
RESULTS
Characterization of the Modified PMMA Surfaces
PMMA discs were treated with NaOH, polydopamine, or polydopamine and 11-MUA. The FTIR spectra demonstrated characteristic changes to the PMMA discs (Fig. 2) . The unmodified PMMA showed a peak from 1700 to 1750 cm Ϫ1 , which was overlapped by the peak at 1704 cm Ϫ1 (due to out-of-plane CϭO stretching from the carbonyl group in PMMA dimerized by hydrogen bonding) and at 1745 cm Ϫ1 (CϭO stretching of the carbonyl units that are not hydrogen bonded). 23 The FTIR spectrum of dopamine-coated PMMA showed new peaks at 1610 cm Ϫ1 (the overlap of C-C resonance vibrations from the phenyl group from dopamine and N-H bending vibrations) and 1510 cm Ϫ1 (N-H shearing vibrations from the amine group in dopamine), indicating the presence of dopamine on the surface. 24 11-MUA-modified polydopamine/PMMA showed the characteristic features of the alkyl chain in 11-MUA, the coexistence of the absorption band around 2910 cm Ϫ1 (from the asymmetric and symmetric stretch vibrations of the CH 2 group) and the peak at 1468 cm Ϫ1 (from the absorption band of the deformation vibration of the CH 2 group). Another important feature was the CϭO stretching band of the carboxylic acid group from 11-MUA at 1710 cm Ϫ1 . Immersion in NaOH did not change the FTIR spectrum, possibly because the absor- bance of the carboxylic acid group (HOOCϪ, formed by the cleavage of a methyl group from PMMA by NaOH) overlapped with the ester group in PMMA. 25 Characterization of the HAp-Coated PMMA Surfaces Morphology. The discs described were coated with HAp by immersion in 1.5ϫ SBF for 2 weeks. SEM (Fig. 3) of untreated PMMA discs showed no calcium phosphate growth. All the treated discs (NaOH, polydopamine, polydopamine and 11-MUA) were covered with tightly agglomerated crystallite. The coating of discs treated with polydopamine ϩ 11-MUA was smoother than in the NaOH group and showed a more continuous coating than with the polydopamine method.
Surface Chemistry. FTIR (Fig. 4 ) demonstrated characteristic features of HAp on the surfaces of all three coated modified PMMAs. Specifically, these were the IR spectral band around 1015.24 cm Ϫ1 , which can be assigned to V 3 stretching of PϭO and P-O bonds in PO 4 Ϫ3 , 26, 27 and to a very small peak at 3210 cm Ϫ1 , which is attributable to stretching of the O-H bond in the OH group of the apatite.
Elemental Analysis. Study of the elemental composition by EDX of all three coated surfaces showed almost identical atomic ratios (1.63) of calcium to phosphorous that were close to the theoretical ratio for HAp (1.67). In contrast, only trace amounts of calcium or phosphorus signals were detected from PMMA surfaces.
Cytotoxicity
Corneal fibroblasts were cultured on HAp-coated discs of treated or untreated PMMA (n ϭ 3 in each group), and cell viability was measured at predetermined intervals. There was no statistically significant difference in live cells between treated and untreated PMMA discs on day 1 (P ϭ 0.50). ANOVA revealed overall group differences on day 4 (P ϭ 0.004), with Bonferroni comparisons indicating significantly higher cell viability for NaOH-treated (P ϭ 0.02) and PDA-MUA treated (P ϭ 0.015) discs than for pure PMMA. On day 7 higher cell counts were observed on all Hap-coated samples compared with bare PMMA (all P Ͻ 0.001) (Fig. 5A) . ANOVA indicated that live cell counts steadily increased between days 1 and 7 in all HAp groups (P Ͻ 0.001), whereas the number of cells decreased between days 4 and 7 on PMMA surfaces. Among HAp groups, NaOH-treated samples had a slightly higher average number of live cells (P Ͻ 0.05 compared with polydopamine ϩ 11-MUA), albeit with a wide range.
ANOVA indicated no differences in dead cell counts between treated and untreated discs on day 1 (P ϭ 0.91). On days 4 and 7, dead cell counts were significantly higher on PMMA discs than on HAp-treated discs (all P Ͻ 0.001) (Fig. 5B) . Mean numbers of dead cells were not significantly different between the HAp-coated discs on days 4 and 7.
Mechanical Integration
PMMA cylinders or HAp-coated PMMA cylinders were implanted in holes punched in porcine corneas. For the coated group, the polydopamine ϩ 11-MUA group was chosen because it showed the most uniform HAp coating (Fig. 3) . The corneas, with implanted cylinders, were maintained in organ culture for 2 weeks, after which corneas in both groups appeared similarly slightly swollen. The corneas were mounted in a custom-made device (Fig. 1) , and the force required to pull the cylinders out of the corneas was measured (Fig. 6) . The force required to pull a HAp-coated PMMA cylinder out of a cornea was 14.7 times greater than for an uncoated PMMA disc; the work performed to pull it out was 19 times greater. SEM of the cylinder surface after withdrawal from the cornea showed increased residual corneal tissue on the HAp-coated surfaces compared with plain PMMA.
Biocompatibility
PMMA discs 3 mm in diameter, pristine or coated with HAp (polydopamine ϩ 11-MUA group), were implanted in the lamellae of the corneas of New Zealand rabbits. The implanted discs can be seen clearly after the surgery (Fig. 7) . On gross examination, there were inflammatory reactions 7 to 10 days after surgery, including conjunctival vascular congestion, mild local cornea edema, and local neovascularization, which disappeared after 2 weeks. Histology 1 month after implantation revealed a more vigorous inflammatory/foreign body response to the unmodified PMMA disc than to HAp-coated ones (n ϭ 3 in each group).
DISCUSSION
The Boston KPro, which is made primarily of PMMA is, as mentioned, vulnerable to infection. The device spans the cornea from the surface to the anterior chamber and is loosely held in place by corneal tissue. In many instances, anecdotally, sudden intraocular infection (endophthalmitis) can rapidly occur, especially after contact lens application or other manipulation that might push a bolus of bacteria into the eye. Bacterial endophthalmitis could result in total destruction and blindness of the eye. Such a calamity can happen particularly in autoimmune diseases (e.g., Stevens-Johnson syndrome, ocular pemphigoid, atopy) in which there is a tendency for tissue to melt that can lead to leakage around the KPro. Prophylaxis with topical antibiotics is very helpful 28 but not completely protective. Additionally, poor compliance with such a regimen exacerbates the problem.
For all these reasons, any method that can enhance the adhesion of corneal tissue around the KPro on a long-term basis might reduce the incidence of infection. Alteration of the surface of the device to allow better biointegration could be of clinical benefit. Here we have modified the PMMA surface with HAp, which is widely used in orthopedic surgery and which has been proposed at least twice before as a KPro coating. Thus, Leon et al. 29 implanted a penetrating type of KPro that was coated by coral HAp in a patient. Brittleness of the coral was cited as a problem, but it seems otherwise to have been well tolerated. Mehta et al., 13 when testing surfaces of various materials in tissue culture, found that HAp promoted superior keratocyte adhesion and proliferation. We have modified a polymeric surface (PMMA) with HAp using three different approaches. The first was a previously reported method of forming HAp on PMMA by treatment with a concentrated base. 17 The second was also a PMMA coating with polydopamine, and we used it to enhance HAp deposition. 19 Deposition of HAp on polydopamine is initiated by the strong binding between calcium ion and the catechol group of dopamine. 19, 30 Polydopamine-based methods are advantageous in that they can be easily applied to numerous other substrates, because of the adhesive properties of polydopamine. 18 The third method was an alternative approach. We formed a coating with polydopamine, which then readily binds the thiol group in 11-MUA. 20 We added 11-MUA to polydopamine, resulting in the most uniform HAp coating on PMMA. The addition of 11-MUA might have further facilitated the HAp deposition process through the additional ionic interaction between calcium ions and the carboxyl groups on 11-MUA.
Biointegration involves the establishment of seamless physical connections between the tissue and the implant, which results in an increase in mechanical binding strength. Mechanical binding strength between the tissue and the implant has been used as an important measure of biointegration in orthopedic implants. 31 However, in the case of prosthetic devices that interface with soft tissues (e.g., keratoprostheses), mechanical binding has not received much attention. Here, we have developed a simple method to measure the mechanical binding strength of an implant to the cornea. All HAp coatings not only enhanced cell viability on PMMA but also greatly increased the mechanical strength of binding of PMMA to corneal tissue ex vivo. This may be of benefit in preventing extrusion, particularly in response to trauma or transient increases in intraocular pressure. Ideally, this will reflect better tissue integrity and will translate to a lesser risk of bacterial translocation into the eye. PMMA itself is widely used and well tolerated as a KPro material; the fact that HAp coating did not adversely affect biocompatibility in vivo and appeared to reduce the inflammatory reaction to the PMMA is reassuring.
An important question is whether tissue adherence to substrates is caused by direct cell adhesion or by substrate interaction with the extracellular matrix (ECM), or both. A hybrid view is that the cells are crucial, though primarily insofar as they produce ECM. Here, we observed improved cell survival (which may require improved adhesion, but we did not demonstrate that rigorously such as by atomic force microscopy) in HAp-coated PMMA discs along with increased strength of adhesion. This study was not designed to address the contributions to adhesive properties from the ECM or how they compare with those from cells. It is also difficult to extrapolate findings from published reports because these mostly address integration with hard tissues such as bone and teeth. 32 It is possible that the enhanced performance of the coated discs was caused by the accretion to HAp of proteins such as growth factors that promote cell adherence and ECM synthesis. [33] [34] [35] Although the mechanism is unknown, these results are encouraging regarding the potential clinical applicability of HAp coatings in keratoprostheses. The technique shown here of measuring adhesion between tissue and KPro and thereby quantifying biointegration could be further applicable to a range of surfaces, including other inorganic compounds and metals as well as varying surface characteristics such as roughness and porosity. Findings of increased mechanical binding might well translate to tighter tissue adherence to the KPro and thereby reduce the risk for devastating infection. HAp coating of the Boston KPro stem now seems ready for clinical testing.
In conclusion, PMMA discs coated with HAp greatly improved cell viability, implant adhesion to tissue, and biocompatibility compared with unmodified PMMA.
